eloquent areas; and 6) large, hemispheric, and/or multifocal abnormalities revealed by MRI that are discordant with localized ictal onset.
Beyond its diagnostic capabilities, SEEG can also be coupled with radiofrequency thermocoagulation, further broadening its utility. 23 While SEEG has gradually been accepted for treatment in adults, there is less consensus on its utility in children. Our literature review seeks to describe the current state of SEEG with a focus on more recent technology-enabled surgical techniques and demonstrate its efficacy for the pediatric epilepsy population.
Medically Refractory Epilepsy in Children
Key differences in medically intractable epilepsy exist between children and adults. For instance, epileptogenic location often presents in different anatomical regions. Temporal lobe epilepsy is most common in adults, whereas many surgical series dealing with pediatric epilepsy have found that the EZs are frequently extratemporal (e.g., frontal or insular cortex) or multilobar. 9, 12, 20 From a treatment standpoint, extratemporal and multilobar onsets in children are more likely to require invasive recordings due to their complexity compared with temporal seizures. Ictal semiology and scalp EEG alone have been shown to be far less effective in EZ localization in children. 43 Additionally, identification of cortical dysplasias can be difficult on MRI due to incomplete myelination in children. 12, 43 Neurological development is incomplete for younger patients, which can sometimes confound noninvasive workup that is often cognition, language, or task based. These differences suggest that pediatric patients may be particularly indicated for invasive recordings.
Despite these inherent difficulties, resection can still be beneficial for pediatric patients. The literature demonstrates that early surgery in appropriate cases can help improve brain development, as the harmful effects of the antiepileptic medications and seizures are minimized.
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Pediatric patients also have a distinct advantage over adults due to the plasticity of the brain, which may lend a neuroprotective factor against seizures or potential iatrogenic injury from epilepsy surgery.

Depth Versus Subdural Surface Recording
Precise localization and characterization of the EZ is critical to achieve the goals of epilepsy surgery. Furthermore, investigation of the EZ needs to be hypothesis driven, based on seizure semiology, and supported by findings from clinical workup rather than a fishing expedition. The most popular technique for intracranial recording has been utilization of subdural grid and strip surface electrodes, where a craniotomy or burr hole is required for implantation. 23, 27, 32 The advantage of subdural electrodes is the large surface area coverage of the cortex, providing excellent spatial resolution of superficial layers. However, the inability to record from deeper cortical and subcortical regions, the need for craniotomy, and the difficulty of comprehensive bilateral monitoring hamper its effectiveness. Selection criteria for SEEG specifically address these limitations:
8-10 1) potential for the EZ to be located in nonsuperficial regions, such as sulci and deep cortical areas (mesial temporal lobe, cingulate gyrus, insula, and posterior orbitofrontal areas); 2) need for bihemispheric coverage; 3) assessment of possible eloquent area involvement after clinical evaluation in the context of nonlesional MRI; and 4) reevaluation of patients who have undergone unsuccessful subdural electrode localization.
Despite similar goals, subdural electrodes and SEEG are indicated for relatively different seizure localizations. Subdural electrodes are well suited for EZ localization at the cortical surface or within eloquent cortex. SEEG utilizes electrodes that penetrate into brain parenchyma and is ideal for predicted subcortical or bilateral EZ involvement. In a rare direct comparison, a recent series by Yang et al. reported resective surgery outcomes following subdural electrode or SEEG evaluation conducted at the same institution. 52 The subdural (n = 52) and SEEG (n = 48) cohorts were selected according to a preoperative assessment that examined noninvasive diagnostics and the hypothesized EZ location. They found no significant differences in surgical sites (e.g., frontal lobe, multilobe), types (e.g., local cortex resection, single lobe resection), seizure control, cognitive outcomes, or pathological results (e.g., tumor, cortical dysplasia). SEEG was preferred when more than 3 lobes were involved or exclusively used when EZ involvement was probable in bilateral hemispheres. SEEG was also associated with a significantly lower rate of intracranial hemorrhage and surgical site infection than subdural electrodes (4.2% vs 17.3%, p < 0.05). With appropriately selected patients, both methods can be effective at localizing the area of seizure onset 52 (Tables 1 and 2 ). SEEG is also valuable in the reevaluation of patients with inconclusive findings on subdural EEG monitoring and vice versa since these techniques are complementary. In a short series examining this subset of patients, SEEG helped localize the EZ in more than 90% of cases (13/14) . Seizure freedom was achieved in 60% of patients who underwent resection. 46 For most patients in whom subdural electrode evaluation yielded nonlocalizable ictal patterns, ictal onset was ultimately found in deep cortical areas (e.g., insula and posterior cingulate cortex); thus, further subdural investigation may not have been helpful and risked greater surgical morbidity. Although SEEG ultimately led to identification of the EZ, the data gained with initial subdural electrode recordings should not be discounted. SEEG must be guided by a personalized implantation strategy, which the information provided by prior subdural grid recording can facilitate.
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Proper usage and understanding of surface versus depth electrodes can create synergy in EZ localization and lead to improved outcomes. A recent series from the Cleveland Clinic comparing subdural electrodes and SEEG outcomes reported EZ localization at 77% and 97%, respectively, with similar rates of seizure freedom after resection (68% and 70%). 33 Coming from an institution well versed in both techniques, these rates are higher than those reported by other centers, where seizure-freedom rates range between 30% and 64% ( Table 1) . That study also included a substantial cohort of pediatric patients (31/102), suggesting that the enhanced EZ localization through SEEG availability may benefit both adult and pediatric populations. With greater experience and more precise guidelines for SEEG or subdural electrode evaluations, patients' seizures can be optimally characterized and treated.
Safety
Despite invasion of the brain parenchyma with depth electrode placement, the safety profile of SEEG compares favorably to that of subdural electrodes. Total complication rates (e.g., hemorrhage, infection, psychiatric) are below 16%.
28 Meta-analyses of published studies have calculated aggregate risks of intracranial hemorrhage and surgical site infection with subdural electrode placement at 4% and 2.3%, and with SEEG at 1% and 0.8%, respectively.
23,32
Total mortality rates range between 0% and 1.4%. 14 SEEG complications in adult patients have been studied extensively. One of the largest series by Talairach et al. reported an intracranial hemorrhage rate of 0.5% in 560 patients. 43 A series by Tanriverdi et al. evaluated 491 patients with SEEG performed at a single institution and by a single surgeon. The authors reported a total complication rate of 7.1%, with no deaths or major complications.
Interestingly, monitoring duration was found to have no significant effect on complication rate. 44 A series by Mathon et al. of 163 intracranial procedures reported an overall complication rate of 4.9%, with no deaths or permanent morbidity. 28 Patients with nonlesional epilepsy were found to be at a significantly higher risk of hemorrhagic complications, but this association was uncorroborated by other studies. Certain techniques are common between these large series. Both Tanriverdi and Mathon and their colleagues reported the use of twist drills instead of burr holes. While burr holes may allow visualization of cortical vessels, the smaller twist-drill hole may have helped reduce hemorrhage rates. Additionally, both authors emphasized the importance of sterile technique to prevent infection. Mathon et al. reported that from 2007 to 2014, infections in patients dropped to 0 once their postoperative management of head bandages switched from changing every 2 days to keeping the same bandage for the duration of monitoring.
For children, the few published series for SEEG have reported minimal adverse events (Table 3) . One series of 35 pediatric patients reported 1 electrode breakage but without neurological complications. 11 In another series of 482 adult and pediatric patients, 1 pediatric patient died of brain edema and underlying electrolytic disturbances. 6 In comparison, morbidities related to subdural electrodes in the pediatric population have been reported to be as high as 6% for infection, 14% for cerebral edema, and 25% for intracranial hemorrhage.
4,10 While the long-term effects of SEEG implantation have yet to be studied, the scarcity of complications also suggests that pediatric patients can tolerate long-term monitoring, with reports of up to 3 weeks of recording.
10 SEEG is particularly valuable for patients whose subdural electrode evaluation may have been unable to fully delineate the EZ, possibly leading to an ineffective resection. In this situation, additional subdural electrode evaluation is unable to probe deeper areas, and revision open craniotomy runs the risk of increased morbidity due to extensive scarring and neurovascular compromise. 4, 10 Particularly for children, the trauma of multiple open surgeries can also hamper their overall development. SEEG addresses both issues by providing recordings of deeper cortical regions and avoiding the need for repeat craniotomy.
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SEEG is not without its limitations. A relative contraindication for SEEG implantation is a bone thickness less than 2 mm. 32 Retaining anchor bolts are needed for stable electrode placement, and sufficient bone thickness is important for adequate bolt fixation. However, the electrodes can be placed in patients with very thin bone and then secured without a bolt. Complete eloquent cortex mapping may be inadequate, even with thoughtful SEEG placement, such as in the dominant perisylvian or rolandic regions. Although 3D spatial precision is readily achieved, SEEG contacts are limited by electrode configurations toward the distal tip and do not always facilitate contiguous coverage. These limitations emphasize the importance of developing an EZ hypothesis supported by other noninvasive diagnostic data.
Advances in technology can also play a critical role in SEEG safety. Novel 3D digital subtraction angiography (DSA) used in 191 SEEG patients yielded only 2 minor intracerebral hemorrhages with no permanent sequelae.
7
Compared with standard biplanar angiography, 3D DSA may aid in planning for the oblique trajectories by more modern arc-based stereotactic frames and stereotactic robots. Noninvasive modalities such as CT angiography (CTA) or double-dose gadolinium MR angiography (MRA) are also available and avoid the morbidity of DSA, with similar benefits of vessel avoidance during SEEG planning. 7 
Different SEEG Techniques
Different methodologies for SEEG have evolved with the development of new techniques and technologies (Table 1) . These methods fall into 3 types: frame based, frameless, and robot assisted. Regardless of type, the fundamental principles of SEEG are relatively unchanged. All procedures first involve generating a preimplantation plan detailing electrode depths and trajectories, often facilitated with noninvasive measurements. The step is arguably the most important because the recording hinges on proper localization of the EZ and ictal network and avoidance of major cortical vessels to minimize hemorrhage risk. The skull and dura are penetrated, and guiding bolts are fixed to the entry point. Stylets may be inserted into the parenchyma to the desired target point and then withdrawn, or semirigid electrodes can be utilized that do not require this step. Finally, electrodes are advanced to their target points and secured to the guiding bolts. Postoperative imaging is usually performed to confirm elec- trode locations and rule out intracranial hemorrhage before the recording begins.
The original SEEG platform pioneered by Talairach and Bancaud was frame based (Fig. 1) . The stereotactic frame allows for precise electrode placement by manipulating x, y, and z coordinates along its moveable arc. To utilize the frame, imaging is usually performed for registration after its installation on the patient. MRI and CT are common, but other forms, such as telemetric radiography and stereoscopic cerebral angiography, have also been utilized. 9, 29, 48, 53 More recently, a myriad of stereotactic planning software has been developed (e.g., StealthStation, iPlan, Neurotech) to assist implantation. In a large series by Cossu et al. of 211 patients who underwent SEEG with the Talairach frame, 81% of patients could undergo resection, resulting in 44% achieving seizure freedom with a 3% SEEG-related morbidity rate.
11 A smaller series by McGonigal et al. demonstrated rates of 96% for EZ localization, 53% for postsurgery seizure freedom, and 3% for complication. 29 Traditional frames (e.g., Talairach, Leksell) attain good accuracy, indicated by a low entry point (EP) and target point (TP) error mean. 6, 19, 48 A recent metaanalysis of accuracy of 3 frame-based SEEG studies determined an EP error mean of 1.43 mm (95% CI 1.35-1.51 mm) and TP error mean of 1.93 mm (95% CI 1.05-2.81 mm), respectively. 47 Newer customizable frames, such as StarFix, can achieve even greater accuracy, with an EP error mean of 0.68 mm and TP error mean of 1.64 mm. bersome, which may lead to increased operative time as well as restrict potential electrode trajectories. 30, 36 Installation in awake patients can be uncomfortable, as fixation requires pins to be screwed into the scalp. This may be especially difficult for pediatric patients who have smaller and more fragile skulls or those who cannot tolerate awake placement, lengthening the duration of general anesthesia for SEEG placement.
Frameless methods stabilize the head with a clamp and use neuronavigation platforms for electrode guidance (Fig.  2) . Neuronavigation platforms integrate imaging information to help plan and execute safe electrode trajectories. Frameless systems utilize various methods, such as skullaffixed and arm-based devices, to attach to the head. Using imaging data, they can create virtual anatomical models to guide surgery. Different approaches also exist for registering the landmarks needed for the computer-generated model, from laser facial registration to skin fiducials to skull fiducials. Target point accuracy observed in multiple frameless SEEG series has ranged from 2.0 to 4.8 mm, which compares less favorably with frame-based SEEG. 30, 34, 36, 50 This is supported by a meta-analysis of frameless accuracy, which determined an EP error mean of 2.45 mm (95% CI 0.39-4.51 mm) and TP error mean of 2.89 mm (95% CI 2.34-3.44 mm). 47 The accuracy of frameless systems can be hindered by patient motion during imaging and improper placement of registered markers. 41 Hou et al. directly compared outcomes between Leksell frame-based and StealthStation (Medtronic S7 neuronavigation system) frameless SEEG. They found no significant difference in implantation error measurements (2.03 ± 0.98 mm vs 1.79 ± 0.82 mm) or EZ localization rates in their series (88.9% vs 82.1%) between frameless and frame-based SEEG. 22 No hemorrhage or infections were reported. Looking at operative times per electrode, frameless times were significantly reduced compared with frame-based times (19.4 vs 34.5 min/electrode, respectively). 22 It should be noted that this frameless implantation time is relatively high compared with those reported in the literature. Roessler et al. averaged 12 minutes for each electrode. 38 Reporting on pediatric patients, Budke et al. averaged 15.7 min/electrode fixation. 5 Very few complications were observed in the studies of frameless SEEG, although this may be due to fewer patients. [29] [30] [31] Roessler et al. and Budke et al. both reported no significant complications with 6 and 15 patients, respectively. The advantages of frameless systems are well suited for pediatric patients.
Reduced operative time decreases the duration of general anesthesia. Eliminating the bulky stereotactic frame improves both ease of use and operative trajectory options, both of which are beneficial as pediatric patients do not tolerate awake frame placement and often require more extensive electrode placement. Both frame-based and frameless methods can be augmented with a robotic arm to assist with trajectory guidance (Fig. 3) . The technical precision of robotic systems (e.g., ROSA, Neuromate) combined with neuronavigation software makes robot-assisted SEEG highly accurate and efficient. Cardinale et al. demonstrated improved accuracy of Neuromate-assisted (EP/TP error mean = 0.78/1.77 mm) over frame-based SEEG (EP/TP error mean = 1.43/2.69 mm). 6 González-Martínez et al. reported similar EP/TP error mean values (1.2/1.7 mm) for ROSA-assisted SEEG. 16 This study also reported a significant decrease in operative time between frame-based and robot-assisted SEEG (352 vs 130 minutes). Authors have reported major complication rates of 0%-1.2%, suggesting comparable safety to non-robot-assisted techniques. 6, 16, 21, 39, 42 Thus, the primary advantage of robot-assisted SEEG is this substantial decrease in operation time without sacrificing accuracy or safety. Several series of ROSA-assisted SEEG in pediatric populations have been reported. De Benedictis et al. reported on 36 SEEG procedures with a mean operative time of 204.3 minutes, an 89% rate of successful EZ identification, and no postoperative complications. The base unit attaches directly to the cranial head clamp, and platform positioning is critical and dependent on planned location of SEEG electrodes. C: The robot arm can be used for semiautomatic laser-based facial recognition, which is used to register the patient to the images. D: Accuracy of registration increases from skin-placed adhesive fiducials, to laser facial surface matching, to implanted skull fiducials and placement of the stereotactic frame. E: Working screen view of the native ROSA planning software that is utilized for image fusion and trajectory planning. operative time of 98 minutes, a 100% rate of successful EZ identification, and also no postoperative complications. 31 Despite their small patient numbers, these studies indicate the exciting potential of robot-assisted SEEG for pediatric patients. However, as a relatively new technology, adoption of robot-assisted SEEG is hindered by cost, a learning curve, and the possibility of mechanical failure. Long-term data of postoperative robot-assisted SEEG also need to be analyzed to ensure safety and efficacy. Still, this technology holds much promise for the future of SEEG.
Conclusions
Stereoelectroencephalography is an effective diagnostic tool to incorporate into the workup of patients with medically refractory epilepsy. It is especially suitable for children for a variety of reasons, such as the propensity of extratemporal epileptogenic zones in children that warrant intracranial investigation and the ability to avoid large craniotomies with SEEG. Compared with the more commonly utilized subdural grids and strips, SEEG is superior in localizing deep, noncortical, or bilateral EZs. It also gives many patients who may have had unsuccessful cortical surface EEG a recording modality with more spatial resolution for identifying EZs. SEEG has demonstrated safety, with low rates of infection and hemorrhage. Given these advantages, SEEG has become a critical tool in the neurosurgeon's armamentarium for pediatric epilepsy surgery. What remains to be proven is whether SEEG improves our pediatric patients' outcomes and quality of life in a durable fashion over subdural grids. We challenge the reader to gather these data in a prospective fashion to achieve the best possible Engel outcomes and at the same time to minimize patient morbidity.
